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. INTRODUCTION withoat the threshold effect that is commen to

. oL incoherent systems. Secomd, matched flter opera-

(¥ Ela!i.ﬂﬁngnﬂ SFSlems giom redwoes the effects of both ooise axd multipath

on coberent, matched-Blier techminues huve  pader warying propegation conditions. And Enafly,

been studied experimentally. Although the specific these technignes are compatible with a random-

goul of the research wis tactical submerine{9-  ied transeision format thet reduces the detert-

subsnatine commmnication <vstems, the realts are ability of the convmunication sigeal.

spplicable to other diustions. This paper describes . . -

extensive fixed<ife communication unvﬂmﬂnanuﬁrv&.—.r peocessing techniques emsployed lﬁ

und =i important tremsmisdion mesairement that research are basrd om well-established theary. p

[ -
distinet sdvantages for submarine communication receicod sizmal, followed by a threshold device. The
srstemes. Find, coberent integration allows satis- !&m—iﬂnlruonis.iﬂnﬂr
factory oprratiom st low sgoaltoncise raties, symbol interfesence cansed by multipeth Qoe of
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List of Symbels
= AN mecpmnre euelicirnt. ot D wymhel cxpwition cwflicint ke the  &h
apik, probe enespranent of btk fresor. digit of the R symbol.
mik, 9 inkemstion comgoaent of Kk feane. [ of offert between sigeel amd s spectea] Omes,
ol Imtegrated prode compuaent. r intege offet brewvem signal cnd vy specizal
5] biplover reqaraee corllrbeat. mes.
avemge spard of wund. - volor of r whtich ooxsingiznd SR,
ewtiasannll sy eroge sprvd of sl B0 e exrrekslion betwven s{1) xmid 30).
r 3 drciviom um the &k srmibol of the bih e, R pus mobiploicn mre
&k ) poriiminory deciion on the dh wmbnd of the 580 sigrnd compearnt wevelcm,
dth Foame, aid), ok, ) ~igel cumporsl wevelhoon semple ia Eth
watpt siggeal-to-maie fatio, inserenl.
e infermeation kit Sk ) dincretr Funzier tnombm of sth, ).
By tine el om preke romiponenl. P, 8Pk} signal power in the Ith mewerement inservel
ertes tount o inferanstion oompeornt NB,, fnput sigal-to-gafe natin.
emmnkalive «fror cemnt. SR .. output siguol-te-aeise ttie v op{s) vecter.
expeeted valoe of 1. T digit downtion.
eugminr frequrasy. T diration of probe frane plos Eformation
F A Dopglerhifted cusvier freguuney: frsmne.
fn reextver chorek fregreney. - franye dorstion.
j revriver eenter frequeney. darnting of menarrment interval.
] toawitmirtied »yosled wavviorm. - diaration of vegnwea of input.
LD trevmitted wiuvecfons for the 2th sywminl. ™ Deppler-dinoried sepment duratics,
M0 reerived rymabel wrceforme. symbel darnition
Bk, 0 rrexived wiveform for the Eth symbol. o vecgurner-peyind domtion.
Een sempir compiewion Escter. = tramnnitted digt weveform,
Eom mamber of seguener peride per G, [/3:4] wnik step finetion.
K mnkber of iofermalion sl per Gragur. » waree Doppler vebecity.
s wuler of prebe fumes per memscresent o masimom exprcird vousres Dopplier velneiily.
intervul. | 4 systrm bundwidh.
K nembey of digit- per rymbal. W T povws »ystem buneiwichily,
K, nxzmbar of digits per sequenor perid. =00 Brcelred TeaEsE
ik, matched ter watpar ‘or Che jh dight of the 309 ssmple of reezives wuvelorm
#1h e, (), 2(k5) compresed sumple of reevived wnveform.
KL j} motcked Sher cmtpat for the 2 oymial of 5 probe cumperest of reerived savelors.
fraase. " reecived wovekorm trem infinitely kg probe.
ni) tranemitted waveforn. %0 prriodically edendrd prode component of
nglt) probe ocompenrnt of trooeantiited wasefons. received wuveSorxs
ik, indotmtion compoornt of rammitted wave- . 0p nfurmation component of received wavefonn.
eomplex, cmpresed sumple of tecsived
Tesier Comepeirnl woveforne. Lot wavelorm.
ad Beir warvefems sonsple IR D  dcrete Fousier tumdenn of oA, 9.
=] moie avernge from prebe commpenest. P ] oolse vuTisnCE.
iz, ot Compumernt of matched Siter ogtpet. 2B chi-scpunred pendobiity distributice
N degrer off Snrar survimol scqmanee, B} ool ewecictive probohiity didzibetion
Ko mmber off syl per frsme. +& @ decining theebcld cn ith symbal of ith e,
) samber of digits per frame. . pesformanee dfftrential.
By by of ultiplicatives per e - frequency offut between sigeal and Frr Koo
mumber of msmples per sequrnee period. obx) sorwalised cres cocelition foaction.
EF, KP(t) meibe power i the Mtk mrwssremrst. interval ] ah correitice  coviicieat frown September
-] rrecivrd digit wavelorm. 1973 expeyiment.
» enleniotedd reevived dight wavefrm. ok, semple of metenrkaed czonm enprelaticn fmotion
-7 X7 wample of tulealated digit wavelos. ah mesurenevt interval
PE it evvor probashility. n*B correlntion cocfichent In Ith messuressent
o« ssmbel compruition eocflicirnt for the Ak nterval from Jasxory 1954 experimsnt. _
g [ | wrentost Integer fn 2 i
_
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TEEZ&:&W—I&FE.—.E Eﬂhl.! CHNIYE Bl
srrvvawat oblsined between the experimental Eunw.!._-i; nclas fird )
date it‘#&!g.&. thix theory.

Eg,ﬂﬂ.igqﬂ—ﬁ.ﬁrllsgg g
be roatinually mee-ured to muintain the required L
mzjeh betwreen the flter and the symbol wave- M2
furm. Thi~ merurrment i made posible by
..e—.nn.ﬂ u known probe compooemt i the trans- pes
mi~dn in adifition to the mbmoxs information e
compoment. Thus, the communicution systems
de-rvibed beve perform dus) role-—choznel mees- Ny
ureent uned infornmtion Lrapsoriinion.

(U} The experimental program ks two dosely Bmh
trketes) ~t ~ages. The Bnd stage comducted com- e
mapicstion experiments between fived sites (o
obtain w ~atitically simificmt cquantity of
?nﬁﬁﬁﬂnm.—n—?u—..r.grg& the signals trapsmitted by the communication
the Hxed-site Eglﬁag Oelx systems huve u romplicated format. One part of
the re-uli« of the recent experiments, M5 and M6, the signal, the probe rompenent, sBows mee-ure-
anv preented bere. Previows expetivents obtsined en, t of the rhannel; the other, the information
simailar re-ults, but _I-.lﬁurz.unug_.nl rompunent, conteins the nformeation. Seb-equent

Enprerinent Year Duntioce {momd Duratsurs fhr)

HER NN

datut=’) Sections I, HI, and IV of thic article purts of thi« sertion describe thess romponents in
detail 1 Tﬁ?!i?ge—?z detail and expleim the choice of trapsmisson
nzud M6 experiments. format. Section I on receiver procewing com-

(U} The second stepe of the expesimental progyam  Bietes the explanation. The probe and information
e &émﬁiﬂfr—&r% components are trupsnitied oteclenved I tEne
resalt< to the submarine communinetion problem.  (time moltiplexed) s described in Section IIn.
-..n-,;ﬂara! nppliction to be pouibir, the proustie A BANIC SIGXAL ELEMENT, THE DIGIT
mndiam must be stable in ~peee 25 well w time. of the
?Erﬁgﬂﬁg nww.me-nmnﬂu.!ﬂ-u .&g“&w
a—n“xﬁrﬂanﬂnu_an?.ﬁ Cenequently, o rerefal  *lements, alied digitc. The simplest example of
éﬂifnﬂﬁs—!— _aml.mu!!ﬂ.!r.-u .—.-Mnﬂ!-n“ﬁﬂ “ﬂ“ﬂr&nﬂi—l—”
deszribend i Section _-cru-k_ Bnﬂ.lli ulnn.ﬂmﬂn—.ngnlﬂa-
TO&? anion of the recdi< frem the fisedite  the information compoment, slmoa prescribed)
n&:!gngg and the xpatisl- onler. In the sabequent disension, no conflict
kY messarements sofadly indientes the fexsi-  will arie i the &gt wnveform i ss«wmed to be
_l,m e_,.....m.q-a meiched-fGlter levhniques for  a recienguler corvier pobe, sliboaph o _nln.-ln
ﬁgg!ﬂginﬁ&ﬁ: some amount of bandipreadmg of the dgit s
son ol others are presented in Section V. An  desirable, a+ sugpested below.
i?glvaﬁarguﬂmna—g (U) For = ; . the pul
with a mndomized trun<niusion frmat #s ako duration and b __rln.n_ -u—ul_
wven. nr-nl.g-_un._li. -m}. E the band-

TRANSIESSION FORMAT Eg.ugmrni_l.&.mﬂnii

() % Bernur of 1he dunl pature of the trananicion  digit bandwidth is based on different con-
nnd the imphementation of the recriver prcesing,  siderations. .—.q-'n-nu. the digit dumtion is

= NPIDEN T -
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w2 T WY MY T BT MY Mt BT

Figmor o g wonefume: metsepedo digie. (Fipae

enptfr—idiedl )

T as&\??B |

- TeWT MY MW T wT T T WD

b

Fige b, Wigs o ofeomes: Idepavod digit sl thaoee
wrdirbrments. ( Figime omelxwified )

selected on the br-is of mndtipath comfitions.,
whit the digit bandwidth i baeed on the trans-
durer bandwidth.

() 4€7 In grneval, the problem & 10 inerrne the diit

bondwidih bevond thet of a rectaneular Goit of
equal ducstion. Firure 1 shows the neafi< of
band-prewdine of the diwit wavefonn by compari-
~om with » rectangular pube amd its ~pectoes in
Fiz 1o In each pert of Fiz. 1, win) is e Beit
wuvelormu and L(f} i the digit spectram. Note
thet == the nomber of ~ubelements i (ke it
wavrlorm & invrensed. the bandwidih increnses
propertiontels. The dizit wnxveform in iz ih
wasived in the X1, M2, M3, snd M4 experiments,
apd the wareform in Fiz. te wes osed in the M6B

ond ME(° experiments.

R, PREOBE COUPOXEXT

ﬁbv‘—.? prmbe component of the tronsmivicn
allows the yeeriver 10 messure the rhannel &t

[ ..._ \%/

_ —..al_u. B T B ..l-.h ..i..ui W
-p

Figmre fe. Digit woorferme: bnadipoed digi with ~even
rabelrgrnts. (Fipoe mmrkes-gied )

response. Becnose the information symbels ane
composed of combination: of dizits. a Eter
malched to the xmbod: cxn be formed from the
dizit response. The pevhe rompuozent mt e
consiant sud known 1o the recviver if this nrewssne-
ment & to be ecrewlol. This is in contrust to the
infosoration companent, dexcsibed bater in Sertion
Ile, which ¥ inherently vonable mxt mmknown,

{U) Une method of menaring the chenmel dieit
repotre b to tunsmil e sinele, bobited disit ws
the probe component, o< :bown in Fiz. 20 Varem
time infervals st be incuded before andd alter
the peobe digil to allow for the time smear of the
acoastic chapnel. The diadruatage to thi~ probe
<tructure s that enrrey & tien-mitted for only a
<mall frartion of the probe durtion. Coneguentiy,
the receiver’s men<arement of the chenned i noi<y.

TUD A better ehice for the probe componrnt i to
formn 1 frome am imtesrs] pomber of periods of a
Frwenr ol sequence. This elows more ener=y
to be sran-mitted in the probe, with o cornespocd-
me inprovement @ the mwearement of the
channel dizit response.

{J) Let a(n be the trepamitied diest waoreform of
dumtion 7. Let 57}, equal 1o rither 41 or —1
#{)ei £ 1], be the velne: of w K., long, linear.
maximal <equence. The veobe component. mp{f).
of the trn-mivion i- oblamed by modulsting
scvessive digit= with K, period of the sequence;

Xou—H
el - M Hiyuli—iT) (£)]

&dlB"FvHi -”H




The trananitted probe compoment will be timee
fmiied to u durstion Ty, =Nh, 7. becune off the
ma!ﬂ-.r-—un!l. the individaal digits. A probe
él!—.ﬂﬂmgluﬂﬂ.sw
(1) Bevuwe of the svuned fxesrity of tha
woastic cluanel. the received probe ) is »
~aprrpo-ition of charmel digit responses, p{f).

X1t
relf)= 33 Mi)p(f—iT) &)

In general. Gine smeering of the chennel will ieake
the durmiion of the reveived probe loager than 7,

(U) The primary objective of the probe component
B 1o ailow messarement of pii): and consequently
rll). s inaficated in Eq. (3), must be procesed
furtber to be weful. A simple digital Glier can be
applied to pll) 1o oblsin & wareform p(1), which

uppruximaies the channel digit response p{). To 2

underitand the derivation of e appreaimate
channel respone p{f). consider the fallowing
apalvri< for an infisitely long periodic probe
roampanent, s (1)

A= 8 - @

Uami.w-aw the cakulated chunne] respopse, ns

Fo-3 M oam e

2 Note that, althowgh s."(f) is of infinite extent,

the ummation for () involves caly N
terms,

As -_.n._ auﬂgn._ﬂnamnaurn?mnlﬂﬁ
expresion s obtamed: .

= m TM"..mBH Kipit—(i—pT}
)

Afcr a change of variables, k=i—j, Bq. (6)
breomses

- B p-in 5 MW i

M. Ew..ﬁ. WitHh=0 ™

olherxise. With the above results substitated into

Eq. (7), the hillowing simplified expression i:
obtained:

ro-B e -k 0

That i, 3°(1) & & peviadic (with period T =

Ko T) replien of pif) with a procesing gein of
Ko (K. 41)/2 Consequently, with an infisitely
kog probe component, Eg. (5) allows the exact

{7} oesuaement of the channel it responss.
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fommonicatva ~ysiem cannol have infnite ex.  between 8 digit—desrribed previnedy —and »

tenl, as Jdoes 571, However, & preindic exten-
shon, N0, cam be condmmcted from {0 W
yirkl an spprosimuation o pif). A-cume thet most
of the ruryy of ) & coninioed in the tine
interval i, #,4To). Consider the infinite pesiodic
extemsinty, 1,50, of £{1) in this interval:

S =ndl); LIN<lH Ton Q1)
=rpit—kTn); AR T <ot k4 1)Te
(2

If Koa>1 aod the time duration of p{f) is sl
relative to the seywente dorativa, T =K, T, (ken

&5 =re (1)
So sm apprecimatios lo pif) B ealechated as:

#n aM. KI ey; w1, 09)

muru._.. - Kplt): GSt<ta3 T
as)

That is. 3 & sppredmstels equel to pf7) multi-
plied by u comtent. This con<tunt gives a signiS-
rubl proreeing pun egmiked poke.

(") Tn the M5 end M6 systenys, K mes selected
during the sxstem deign stege to be 15, 0 T,
exceeded the expecied <menr of pif) b- a foctor of
wt bt thove, The comtant K, wux selected ta
be fotr s o~ 10 ~apport the sppeosimation imb-
cated Ly Eg. (13). With thewr pursmorter vielmes,
the we of the roded probee component wiebled »
Dol provecimg pom over a sivghe dieit probe
srprated Ko, times. Xo ofverse efferts die (o the
spprashusiion were oberved.

C. IXFORVATION COWPONENT

ﬁcv\gouﬂr?g-g-grnimb

one of ihree wuyxs: (F) bipher oesfulation of
~ingle tramasitied dygts: (2 biphee modakition
of mroup< of dizit<, nherr the mtneesoup Stnstue
i ruendunt: or (3) arieble sxmbel evodubetion.
i which hiphew modolation of mroups of disit<.
where the intiegrosp dmeture caries from ooe
<¥irrbol to the neat, & cursied oot

ﬁﬂzrgiﬁrhﬂﬂtwn.ﬁ&.ﬂg
of digit weed to earry a single bt of information
The objective of the reeriver is to determine
symbol values, not dizit valves; thes. the Eference
between the two methods of forming the informa-
tion component hies in the structure of the symbe)
warelfarm,

1. Sixgle INgt Synlnls

{U) The simplest eonstruction of the information
component ascirns a single digit o exch symbol
A digit tramanitted at 0 phave reprecents o binery
one; a dipit (rensmitted at RO-deg phese repe-
sent u binary-minos ope. This terhnique was
weed in the M1, M2, M3, end X3 spsters

(31 LS In 2Bl of the systems comsidesed!. the number of

its in the information comproent was reade
equel to the nnmber of dgits ia the probe eom-
ponent. When the probe rompouent contsimesd
Ko repetitions of the K., digit Esear maximal
sequerce, the information componemt ww: cum-
poed of Ko repetitons of K, wforenation-
bewring igit<. This symmetric strwiare i+
arbitrery. aud it effectively setx the formativa
and probe comiponent energies equmed. [n groeral.
ke -tructures of the probe and foraticn rom-
porrats are indepemdent. subjet oaly to the
canstraint that bath be eotapoed of the same disit
wavelerm. Ths, the kh trunseitted infommntion
romponeat my{E, #) i giver by

b0 5 M.zﬂ.. EE (B i1
06)
where efniel £ 8] i the ath infecration k.

i) Fizure 3a depivts an information comsporen
i a ~inzte dizit per srmbel. The Grprens show~
K., ~smbol< cosre-ponding to the inforesticn
stresm —Y4T—p4148, —1—=141-—1),
=141 14 ). Ooly one copetition (K, =1} &
shown lor dmpheity. In actuzl precticee K., =

takrri &~ bring herper than one to icvea-e the
rorrey eoatent of cxed <ymbel npd 0 provide
Bmared timme diversity.

2. Meltiple Irgr SymbBals
(4 H euch informetion <xmbol i compo-ed of
ooly coe &git, & descsibed above, then potentaf
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irdeoll  opporixnities for sostema desige are o -
eliminated For exumple, the nomber of &igits i F—Ulv L

the sequroce, K, ond the dgit duration, T, st ¢

be selected so thut the time duerstion of the

neerived Jigit, pif), & dess than the sequenee

period, T, m onder to properdy mensure pif).

Beoagsr of memery requiresnent= in the receiver, =
the sequence prrid, T, showld b» os short a5
pornible. Hoserver, the resalting dhwit doratien, 7, o
may be ton ~mafl 10 provile sdequste symbal

roerey and o avokl intersymbol intesferense.

¢/ ] One ~aintion to the sbore problem i to simply
wlbow mvore then coe digit per symbeol, keeping the '

digit durstion, T, and K, condent. In the M5
aml M6 ~x~tems, three oJigits were wed for each
inforenction sxmbel, giving » thivefold inavasein |
bath symbol epergy amd Jurstion, with no incresse

=
e
it sequence desation, T, -..—n.-.uu”-l- '
il
1a..

nnrint
m&»&?%&?w—&i&.ﬂaﬂw oo ug
arhitrury, s oy s @t & composed of Enewr H Tom
combinntions of digit wavelotnz:. Let g{f) be a
~smbol that i taken as being compoased of K,
Ko~ Figue 1. Information osmponent
si="33 gtilett—il) an rhoupermybary by a-rebe ol

where glite} £11:i=0, . . . , Ko—1. The chwice g yoriahle B

of digit ~cparation- of mavltiplex of Tsec and waity Tw.....ﬁ l gmf.rnn._“rtm“ﬂ o i ok

maagnitudes for the 17)’s i< not exventialin peneral, 77\ g L o A .I.S.BL i

but it wo~ made for en<e of proccation and pro- B L Ly s _.-ﬂl: Bluum.l

sedoer of the siznul. IT pi) i< the reveived &zt . -a-rnﬁlmﬁ.r— For ; o

re<poa-e, -Fﬁw Blter, &N, mutched to the K. Live bols having K. digits per

received -runal is ssmbal. The jth symabol waveform is specified by

B HI EF ev .- r|w » ef i1
b= 25 qidpit—iT) (18)  giving o 3&&% of u.-..m. .mnu.ﬂ". uh_uir
waveforms<. There is 2o requiressnt thet sprres-

by the wwed Brenrity of the channel. Thus, 8 sive symbuoks have the same comsposition, 30 one

Elter matched to n <perified sxmbol enn exsily be  conld define K, sywohol wavefornes (30 j=0 . ..

con~irucied from the received digit woveform pif}  Ko—1, each with different composition,

and the ~xmbol rompesition given brefld), - .., el

‘Ahrll.ll-w.. a- = w E- ainn|5u ItnnFlh

(U) Figure 3b depiet= an information romponent (19)
with K. =3 dgits per <ymbol and with =k to be tran-mitted T =K.T soc spurt. Because
=1, aml g.=—1. The information values: shown of the ssumed Enestity of the chsonel, & Slter
are —i§-1—14041. ?”’"u for the suke matehed $o ench _H.Eﬂn- 5\.- o ﬂ-& Be
of ~Eaplri. "
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ip Section I —Plrmu. the EE -8
(pactirnludy Sections [Ifp and I1lc) wssmnes
that correct syuchronimtion hes akeady been
eoltaimed.

A. PRELINIXARY PREOCERSING

i!rﬂgl[ls&rl.—srng

E:qrnnrlﬂrn.lﬂiinrn.ﬂl-..-ﬂn 5 The lrl-.f.!.]
of the Blter i EEd thes imaginary component. equiy

?ﬂ?ﬁ?i I-Hh...&-o ru-w bendwidth Wy, of either component is gives by

proressor anslop-to-digital converier. q‘ﬂﬁ -

A ._.rqu..rﬂ:.nioq —rnun!dﬂ-.g

r.nﬁ.-wn.:_mn r..a?i:..._ Sysiem puins ui.r!n!. Eﬂﬁlﬂlﬂ& 3 of the
wre wdjrcied <o that ool operstion ocrurs ot 2POL waveform. s the namber of semaples
vuzhly 10 db below the comverter Emit. Locul per digit, N, given by
~hipping note does tarse overlomis to occur N -T

brunghout the sxdem, but these overlosds are IINMCI (29)
mfi and ane enil £

e T — The second coestant i the number of compressed

(€} The -amphing of the bandpess input. signal is £ A
g-...t..&—”. Righ~tability D.um_l—”. < samples per sequence patiod N,

I part in 10°) set for u sumphing rat .\.l.&—on-. Ny=K.y-Neo (0)
cuimier frequency.

ﬁﬂ.ﬂ.ﬂh.ﬁﬁﬂps&w £ will be sen shartly, N is sn importent

complex low-pess samples, £(4), rqpivalent to the constant in determining the memmory requitements

otignal bandpes: waveform. of the receiver.

PM —WrQE, - i+2)) (ieven) ?Jg?giﬂﬂ-rig
(25) s 1o determine the channel digit respomse, p{0).
nm. -1y A secondary, but important, ebjevtive of the probe
W.vnl procesing s to messure the besic tranantedon
nml..!..ﬂz!_. the medium to eid in evalustion

TT2K, - (i—1H2j41] Godd) (27) o iy
n the shore equations, K, i the compresdon bn&-fnllli%iﬁ
n:&ﬂﬂlilu&»mhul-.ralnmﬂﬂl?. messrement of the wideband signsl power snd

b P
‘ i PTTY R R

. ——— et . by e e i .
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nwiwe pawer, SP aad NP, while severs] sprciafiond gi&ig.gmﬁ.&r
mrasare< of the thne Sucer and time sability of .ritlﬂmli!rlaqwso!&
the channed ure abse derived from po). .l.f!rl."lif-ﬂi—. From a discrete
dom of desivation of Section [In, the
V)2V The probe procesing operstes on the probe T % -
man_&.rEEf{ following reswlt is obtained:
; sizmal-io-uoie falins below 0 db for which the ) = PP .
_ . srdems were de<igned, the energs contsined in a !F-uHM.En.liﬂz.?atx 0<i<N,
. . sinzle probe cowspemacat i inadequate for obteiming 38
s sstifaciory estimate of the chaowel dEyit
re<pomse, jpf). Berause of this, coberest integrn-
o KL e ey i T o 3 it
[ { L smi over i’ - B
&-raé.l—i.d”o}-r.- Wﬁwrgﬂﬂli;gn

pesformed in two stepe. g?%gﬁliﬁgw

provided, sad it is updated duving messare-

. mcda?ﬂdlarmammina.rnhl !F-ﬂad_rﬂl.rnlﬂi.g.nﬂ

. eqernce petiods contsined i a xingle probe com- N_, points in the displey sse 100 meny o be

{ E.cuﬂt.luﬂnr.dl-ﬁmarnnpr?l..s retsined during a leag-tetm experiment ; however,

“ i&.b-.u.ra.-rgen-—ﬂqﬂmﬂ-ti two aseful measares of the multipsth stuation are
frosn the £1h probe companent. That is, recarded for evwkeation of systers performance.

= B-N_- on (U) The fest muitipath mes-ure is the aatocor-
ik D M..Au E-Na- Buti-Natid HTEI.-TE&E-?F&.E

0Sk<K.,: O0Si<N, @) ot maltiples of the digit length, N,

?ngi[inr:rn;r hﬁ#mz.b!mm-..b
been <yochreniced o hut AD) . . . AN Ko .. .
—1) ure sumples of u probe cocspenent. X b, fiNG): i=0...6 (33)

(£) The scrond Aep in the integration of the K, where the index j+:N, i taken medule N

probe components is 1o detive the signal veetor These messurements are imdicative of the time

aeli): sovenr of .ﬂn_.n..r-unn.. and they .”.mi“-!. in

mensaring exteat of imtersvmbol interference.

iarM.im.a B2 For example, i the chennel were iea! (broad

band) then j(E, /) and H(E, j+iN,) would hsve no

The signal vector £,(i} it the coberent integration ovectap for i>0. Thea 8254k, iNL) would be zero

of KoK, mequruce petiods and is the starting for i>0. Thas, ax Koo(k. i\ with i>0 becomes

}F.r&i.rﬂg-r{g large relative to B;:(k, 0), the time smeer of the
respomsie, p(f). AL the same time, snother veclor  cherme] incresses.

- - i
USHM {(—1Y'slk, ) G entsof HE,0. Let 3(k—1,0), ji&,1) be two digic
Fespetve mes-yreenents, based on cons<ecutive but
The noier vector, ...A..u.nmum.lq.hmru.!lum-l. tonererlspping messarement intervals. Then, the

1. Chanarl Digit Benponss Mrsexrements
g?i—ig-’iﬂg By=-
iigirggii
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The mapuitisle of olB) i aluwuy~ ke than one_ If
the scowdic rlaonel sene 1y time invuriant
el shwrs e wene i Boi-e). then o} wemid rgual one.
I the choniel wos romplrich undsbie »0 that
the tne parumelers jk—1, 5} and Sk, &) hed
noibine in romoon, then pikl would heve 8 mesn
vubor of 30,

2. Menswremant of Neguol and Noiwe Poween

() The wideband <2enal snd moi<e powers. S and
NP, wre tornred to slow ccalustion of sxstem
performance. Led »f4) be the ~jpal contribation (o
the +th ~ample in a ~ingle reveivnd sequence period,
and k1 =f+) be the oot roatribulion 1o the ith
~amphe in a siyde reveived seqprenee period. ‘The
noir contribation: ois) ere coumed o be por-
mully di-inibuted with zeeo mesn and carfence
ox" umd ure uho wiiamed to be independent. Then,
if the chunael is stuble,

Kandlw~1
(i) =Ko, - K.+ m a(j - Ngi2)
&N

Then ay{+) witl be of menn Ko K «{?) arud variance -
Roa-Buex® The averege sisnalie-noie ratio -

tmesn—~guared to varisnee nitio) on epli), SNR,..
i< then

SNE =Kok 33 BOF @)
The com-tents Koy and K, are selected a1 the
time of ~<tren desin <o that the poie contriba-
ting o a4} cen be peglected. The zpproximate
il poner, SP, is given by

SP=33 kel

~ - Bu¥ 32 IOP

(9)
“a)

uhich s 1he signsl energy over K., probe rom-
poorats.

() IF the pediam is stable over the messarement
interval. the smal rontribution 10 the =(7)
veelor is arrn. Thos, &07) hes 2 zero mesn and o
vartence Ko -Ko s’ Let

1
NP3 P
g

Thes KP i x* didtributed with N, deprees of
frendom. In the nxdem: dhrmeard heve, N, > 50
saud the divtribution om KP cun be sppracimeted
by » Ganvien di-tribution with mesn N -K,.-
Kor o5’ unl varinnee 2N, K, K. 22" The seun-
squarrd fo varianee ratio sn NP ix kigh, w NP
i= n pood estimate of the poiue poser i Ky
probe romponents,
(U) The input ~ignul-to-noise ratio, SNR,, ia
- Lo
- 4
where the integration is carird out over the probe
messurment  iaterval. From  ths  cumpling
theoremn,

SAR=LTROF @

SROE=Z ST 4

Bl S0 =55 N - Ko - Bers®  (45)

=~z (NP) s)
Semilerlr, the sammation m Eq. #43) can be
simphfied if the channel i inverient over the
messzmement fnterval:

o Do K- Ko 5 WOF ()

1 SP
“w N'uun. N Ag
Subgituting Bqs (16) snd (43) imto Bq. (12)

49)
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r-ﬂql.rrlrii-:n-a.rtl!mlm\%bgi%!fq!ﬂﬂaa )i

componrat by the ssaumed inverience of the conrersed with bow mnwh rochronization is
o wquired for the valoe: L°(F]) to be taken

exartly the correct sumpling time. The anacer o

C. INFDRAATION COMPOSEST PROCRSUTS that we fur-grain syackroniztoon o= rrguiend. if 1the

ﬁ.uLJ The objective of the ik ' a ®(E) vector contein: prismarily the infarmation
Pl e 5 s sunl ._I.J on the i!gﬁ.-rﬂg&g
proce: .!u.!-u.. bol vufues, The-r deriions ran be ~ “omlains primeriy the probe romponent], s
srored speinsd known anvwers in the oo of 4  PrEviewds scamed, then £7(5) is shwuys taken
sodic 1 ivion. For demen-iration pur- ut exectlr the cocrect time. The reasan for this is

characters om @ Teletype. In cither sitvation, Det=een ibe probe and informativn digits. Thix
decidvn are made o the beis of thredhokds on 3¢ affet ix completely proerved in both srctions
the outpat< of  matched Glier. n_.-r.._lg..—#ﬁu.ﬂ-lll@.b.!gi
. from information digit. B by m digits in the trans-
1. Matched -Filter speration mbedon, they will be separated by exactly s (aeod
h&\ﬂrmﬁhqﬁnl-r‘ﬂﬂamﬂeqnfbr K, digits im the e k7)) and a,tF.i) vectors

pors. Ibe recvived values can be printed ==«

mfonuetion component i o form a coberent

that the francmicsion provides a Exed time offset

salne: L°(E.}) are the response of x Glter

avrrage aylk, ) of the informaetion compenent: | matehed 1o the rereived digit, for 20ck of tbe K,

alt, i) .r-M. ABEDE - Nt iNAE

digit< in the isformation frame. To make decisions
the informution symbols, the response of »

om

ASIi<N, (30) ler matched to each of the >vmbols mut ba

obtaised. Since the information ymbels are

T vields o vectoe of N, point< and is anslogous  formed [rom known rombinaiions of digite, the
o the romputation of e g (L. /) vextor in the  Fwbol filter responacs rem he found Frooe cowbi-

1&3?.&? i) veclor contains K,  Gations of the L'(k ;).

mformation <xmabols, cach compared of K. digits JPF Specifically, <uppose that the jth symhol in

in » preribed order. For the M3 sod M6 experi-

the information component i< #s ziven in Eq. (19).

mrats, Ko=3 and K =5, vnpevtively. Then ontput of the matched Glter for the jik
T To maateh Slter o,{ki), & cros comrelation s Fbol in the kit frame, I(E.j). i given by

preformacd of k.7 with 5{I.). where $(l4) i the

umm. ﬂuﬂlﬂs._r!u&..l .nggv hﬁ.bhﬂnm.l.&. &M—m—h@..h‘l

TN tminil, m) ()

woc dizit beuzih, N, apart. Thes, ool Koy crow ey (L 13 & azuin taken
coervialion: are needed to proride the rquind gr.ﬂ!?ﬁhﬁ”ﬂ! the above
data from ay(l.)). Spevilically, let equation is simply L'(kj-Kent3), w0 the following

kD=3 HotiNdedt 9 0<i<Ke

reslt i« obtained:

1) L t= 23 W - Bk (D)

where the index i+ N, is tabra sedefe A The Berunc the sbove equation i« eaily implemenied,
values L'(k.j) represemt m cvos correlation of the o of variable sxrabol modulation places
(k) with p{li) diplored by multiples of X,, very Bttln sdditional burden on the receiver

samples, or rquivalently, T wr. Note that the procvesing.

eroows carrelation is prrfarmed in s rirculer menner, @.N Ihecesion Procese

0 that the overlap from one wquence pesiod to 1 Ta detecmine the symbal calues, & 2o
the wext is token inte sroswns. .m&.rm_.&wi.ﬁ_s.luwsi matcled-Sher

=NV AR
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sutpais L(ED. M the Glter owiput LE)) = idouticl snd ne synclronization i
greater than zeve, the deciden JE-Ho+/) oo On the other bend, whem text &
the b <xmbol in the ith formetion romponent synchreobmtion is wyubed o ename that each
w 1IN g 3 — is m the




ﬁ-li-nhtna’qml-m-nniwnt'nsisnue
mh.hlitmhhhnw
opreator,

B, IMFLENMESTATION

anmm.-immhuhm

Pupoor, 'EF"'“':";;B% freqmently called

e, Aystenes were imple-
mented on a Digital Egmipmaent Corporation
uxmmm-uawuzﬁw
word) mcenary. The 66 systen were inplernented
on a DREC Wqﬂ-ﬁ&m&lnm
(Izﬁlﬂ‘wd)my.

ni:smmmmm-d
Mmmmmbruﬁn

[£))
The time, Tiu, for & component i
r..=x..zv_% @5)
Thes, the multiplication rate, & e, required is
R 5

L e

=788 moftiphcalions we (s8)




_. | 1M ..m.l..l..rl ..w.ﬂ..
WAl Wil i Vil B
for txpivel M3 sad M6 expesiment parasneters.  Taman?2 Commven of the AE5A, AISR,
Thix rate is cadly meintsined with mot wedern ulu.-l.sﬁ.llit. utr.thﬂv
ggﬂ-’ii Confalential )
”%ra}llﬁig " P s
Ehoniul Buedopih, W Ol L]
AS?E%S.J_IETQ [r— —
mmenriic tapr—peribeally, " formeat tape.
The probe mescanements and anor ooumis are Frrielies mesd eomiem
“tored in blecks, with duts from sevem mews 7SO Pemek K,

ehetype log for verification purpeces gy Formidvrsian, £
.:.m...in..a..r!ri..m..i.zwl-.?u.\ -
minsteby-minnte bais. The probe ceror commt, jv—uir&s}jg

anf};jalﬂh Hgglﬂﬂ.d’“‘ﬂaﬂ
igate 5 degicts a iypical multipaint MSA exprriment was to menawe oo
D:l..l-l-uu-rn“g l.l.il;]rlﬂlr.l%

of 4558 hours (198 dars) of valid deta was e, the err e
cbtained sml amalyzed over either 7- or 42480 ooy e crror perfovsmnce coukl nok bo
di-tamer<. Section IVa desoribes the differenees oy

amony the frr experiment<. Seetion (Vi describex .

the expreimcntal realis. (O)ES The 36 experisment hed three parts, cach

uldll.. e initiated. Hesslis from the AEB experiment
ﬁ!vﬂ“oﬂrvﬂnlrﬂr - indirnted that ity design was (00 comervative snd
’ tligﬁnglv—.ﬂﬂ

() Refevenre 4 docrirs the Surill site canges in deteil.  puraaseters was i onder. Sabequently, the thind
_AONEDENTIAE
sy RE AT B 1 |
I il § |
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OO TTDENT AR
Tamx 3 Ik forvncrs amony v.rperiments. { Table chovsifiol Canfigentiol )

msa, M5B, M6a] men  fuec

!Eﬁ&u

~
hzagzh

Theoretical Minimosan SR, for Pes-00L (dEB} -7

”ﬂ r -1z -9
Transmission Rawc (hicf 2.2 -53 125

experimarat, MOC, wus impleovested 22 sn opti- fonger then & digit in the MSA s<vtem srd e Jigit
e costem for the 42-nani distemee, in the MEC" sysiew bebwy 1.8 times longer than &

. . ; 2 x
(o ”..J...aﬂﬂal-. _.ﬂ”ﬂ“ah-ﬂna_m-ﬁﬂ. digia beegthening in the M6B and MGC systems

t s g .
nnd dusutisn. Table 2 depicts the parmeters thay _ Pro™" the performance sgaind maltipath.

igwﬁggg‘i h.c_y‘ﬂnx.-rnrm. two sy:tems, AM6B sxd MEC, the
graphs will point out the differences smong the  \(GR has the highet procewing gains and, cor-
fespmg sdem perameters. Beesne of the pondingiv. the fowest tranamision rate. The

enily neeocsplideed. between the short disit durelions of the MSA

(U) Afthoogh five different experiments were formmat and the sery loug dusations of the 6B
performed, thete are only three different sets of  format.

avslemn perasuetrrs, with the M54, M5B, and (U) Both the M6B and the M6( xxstems emaployed

was to rreese the sembol proceing geins amnd




the there formats x ~houn i Figoe 6 Beeawse
of *% - Gilvering of the ~oarce wnd reifector and the
ree er analagr Glters, oaly the spertrsl rompon-
ent- in o §00-he Buod shout the carvier are
impoatant,

®. EXPERIVENXTAL REEXULTS

tU) The fice experiments vickied data oa both
acvandic lranniion ronditions aml svsdem envor B
prriosmance. In this -ertion. coly mecorements  source level wuc nef beld content during the
thot brar on the evelustion of sndem etror  experinents, these histopram< refleet culy the
performuance or on future spplicalions on the  <ignal-to-noie rativ environment 2s seen by the
rummunication ~rtem are divnvrd The re- receiver, net a proersl mewarement of reoe-tic
taluine acottic seni«ion mecarements have  propaeation. Hﬁqln_lr.l.. -_.-..q mubwute the
been made avuilable 1o other wientists, and they  extent of data axuilsble st u given inpat signal-1o-
oy be reposted Inter. Doise ratio, o rnEIi_E!lna-.r

1. Sqvcl-tu-Noiwe Botia Hidegama hdﬂuﬂgﬁgfiﬁn&'
1U) To intespret the rommunication performasnce ~ (0 Figare 7 nﬂ!-rn.uﬂus-..—o.lli.-lu
sleta, on understanding of r..«ﬂl—!!—i bisograms for the tsn phee- of the M5 ~esirs
envisounwenl of cech experiment i mecesnmry.  of experiments. As mrntioned carler, 1 ra..il..._.
Figures 7 ool 3 depict hislogram of the widcband  levels for the MSA expesiment were delibenely
.......l-:ﬂnlra..!.-.&ul.].}..lu with ordin- -.n.—l.l_.ll.r.:. the low -.I.nﬁwlnalr.?

; m Fig 7n C tix. =
bonr.. The abwiva repreents SNR. aversped  larpe smotnt of dats with remonaliy fresquent
ver the line interval Shownm in Table 3, snd it etrurs was obtuimed im the MSA rsperinwent.




= o These low sisnal-to-ncise mtio: motivated the
., choice of ststess parameters for the MGB experi-

ment. Later, a new amplifier was installed ax

e Fowey Bocks, which improved the sismal-to-note

A ratio <dtuation st B, snd the M6C experiment

was initisled. A« shown in Fiz. Sc, the MaC
s EXpETERDt experienced sbout the same SXNE,,
s environment #< the MEA experiment had experi-
Figreor Me, [litagszm of widkboad revived siguabtooape SO0 Oariier.
Ertie: MEB experioernt (Figore norkesifed.) 2. Commwnialien Sy Performence
(I} Evahmtion of comnumicstion =v<tem per-
Figure 7b gives the rotreponding histogrem for ngunupg}lﬂrﬂgoﬂ
the M5B experinent. in which the soarce wue  touifooted with the varyimg condithons of the
Jeivem a1 maxEmum aveifable levels xiekiing Ei?-ﬂﬂgggmh
about a 12db increae i mewn SNE. over Ean-l-l.r.!-v.liill_in-‘.la&ﬁ
bat < %Elﬂnﬂ-ﬁﬂﬁﬂ-ﬂﬂm&inﬁli

() Fizre B gives the SNR,, bistoprams for the  Doues the Rumber of bt <ortions i fnown, =
thrre M6 eries riperiments. The 3M6A experiment Ic._..._m..... e S AR e
— od a1 icpal e ratios that rompated. ] i.l- Juﬂm!ndﬁ.ﬂnla-o-

y . way of prewenting the relationhip between avernpe
only hzhilr {6 db) woree than those of the M5A . = = s il bite of
experinent, o en witguate owrsaement of vs- Ingat piiat ook ratis « -Iu.ml. S o error
s i 1d be achieced. Berauee of when thousands of sach pairs are svailsble.
[afure in wn smphfier driviog the Fowey Rocks: (U) Ooe method of exnluating the <ystesa per-
souyve, very low ~ignal-to-noie ratios were avail-  formance woald be 1o <om all of the ermr rounls,
able for the MISB experiment, o+ shown in Fig. 55, E, for & fixed average zignal-to-noice ratio =nd

OONTIDENTIE-
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relation from an esiting theoretical model. En this - -2

pmper, 1 rnaagli; x of emor te
outpat ~isnal-to-noi-e ratio is heved on the choical
sealts for the [Hebond ratio receiver for u knowm
Encar. timeinvariant chennel with added white
@ggmﬂrga?i
of erroc, pe, i given by

A=W—D) L

ared D i the output signal-to-noise ratio. Fer this
tnation. the coavenisn of ermur probulalty te
aulpat %ilirnl%
by solvimg By (60} for D2 Thaet is

D=p"{pal ()

-2 -2 @ 2 &« @& » =& [

where 975} is the inveese of the fonction M%)  Fges % Siogam of vebees of D: BNE, =~ B

.rn.n..lm.-. (80). In the idenlized situation of

lllll

(Pigrre morfuted )







it< 503
relative (o the ibeul sy<tem with the seme rate,  metched and en ineresse im evrors cam be experted.

however, the relative pesformsnce of the MOC O the other hand, if the scou-dic medium is very
sxstem i~ better. This is shown in Fig- 12 for the  stable, then the integration time of the probe
four qrstems. compenent csa be imcresssd 10 improve the
ﬁd\sg.frq%ilnf. the M5A messurement of the chsnmel digh response.
vostera hox the best mdstive performsnee, while  (U) Berawe of the impertance of the channel

w-ﬁﬂrt_rnlﬂﬁﬂfma%.u-tur stability to future spplications, the Sve experi-
probably becustse of the imcreeed siability of the  ments incaded ma dementary messaement of

ference beiween the MSA end MG spdems &uullaii%iﬂ

shown in Fig. 12 is pot “comidered to be daia to deterssine say daily Soctostisss. Ooly

significant. dats with SNE.. greater thun 10 db were
ﬁLmeuhg.-r%un-rni considered.

cation ~y-tems wes very well extablished with (1) The most convenient way (o understaad the

targe mmcunts of date. With careful choices of  veriations of the sowustic channl & ta construct

B - 13

commonication so-tem <ach 6 eam yield t—mﬂu{&\ﬁurﬁﬁﬁi
error probabifities of Q.01 st input sigusl-to-aoke EE?%.%
tios of — 10 db. Suck a sydem would be operat- Bn.&.ul.lﬂr -j..wlﬂlr-l.lﬂtl
el 6 e e e e v v g 05,k 2.
nn sy on
CSaanel Sabidity Meassrements Simee MSA snd MSA wed the sume transmisdon
ool . pesumeters, the decrevse in mexn value czn be
[ O)gh The ity of the matchediter techminme  Trecns O et distamce, 42 o
udied bere is kighly dependent on the stability . 4 o5 .
of the medium. If the wcowdic channel changes
iﬁﬂ?@iil?ﬂ%ihcri-#i-"irkg

ment (o the time of the informatisn compenent Jor the MSA sod MEB experisacnts. The
ing of the MeB bistogrems is dee to the

grﬁglﬂ!ri widecing
=tCONPIDENTIAL,




N ¢ s * @ te allow imtegration times of the ender of coe

i 3 = (D) In this messsrement techoigue, the spatind
Riliiiir.ri-ﬂ-mﬂﬂuﬂﬂ stability of the medfium was men=ared in terms of

performance of the 6B srtem shown in e =

12 The correlation fomction kbiaogranes for the EE!%!J&.E@.
MSA und M5B experimenix sre nesrly dlentical, 005 10 the corrclation cocfficient, pif), suadied in
as the distance snd intepration times are similar the MS sad M5 experiments. Becane of the




-
e e e T R TTI— . Tp— T
i ! L

putible with 1he sromaic ouwee. The cewhing amall, the ron-equences of such 1ime-uxis distor-
irﬂms‘-tu.lluﬂlnnnl- tivns atv significant when coberent terbaiques are
sra-doarm banduilth of 575 bx wnd it wes emplored.
-jgiii-rig -S.-.rn!.—lwn.&.rgl.&—roug
l be the recrived <gnal, bandpew-  correlation fnction of Ey. (64 vould be evnizated

Sltered in o 1084z bund centered on the canvier st maltiples of the Doppler-di-toried sequence
ilﬁrﬂafﬂtﬂlinn—.bs .rn-ﬁnl.ﬂ-l.-iﬂ.g_—.q.!.l[a.lrrmu
of dearation T, that containe s intezer samber of alficiently well determsimed te cokeulate T, ade-
sequroee preiods st zre Doppler., that s, Tu= ‘ﬂbﬂ—h.—liggioi
kT, for ;ome imteper k. The pornubard coess entrelation coelicient, g (i), wn: defined 30 =5 to
vorrelation function atrh of 1his ;ezreent with the alievinie the effects of Deppler. Let,

ingat £, () & given by ) =max T (1 ~0)l; —ISeS+H 69)

L7 anareion where i=1 . . .

aln= - =

s - ol
9 \Tii%?ﬂu—ﬂ.%i
wheee £, is the starting time of the sected seg- Cux s sm estimate of the aversge speed of
meat. Note that, im peveral, complex 1?%1.&!&5&%
o ocd. If tbere is mo Doppler aod the medimn g magmitude of (v} & an ieeve te ensare that
petfert Ble. then plv) will be periodir, with ﬁnll..:f..lalﬂnﬂ- correspends to the
e st prviod 2+ the sequenre, st will stenin correlation valer at comrect tine siigoment m

maxinum valae of xoite. If there is no Dogpler, the presence of Doppler

[ ] .rn.-xﬁmilm.&.ﬂnnwﬂ.ienﬁs takes (1) Twe importent differences between the cor-
at wltiphe< of the sequence prriod ate & IERSSE ol oriog coelicint p(f) of the M35 snd LI6 experi-
of the <talufity of the clavnel. Consequently, the ments und the correlation coellicirats o, °¢) of the

corrclation fanetion evatuated at maohiples of the %-ﬂ.—i—!x&i
ﬁ!....._...u._rnr...ur..hn..u---.aﬁ.r i the M5 snd M6 experiment<, pik) was devived
be an indiration of chammnel stabifity. froms u s cerredation of two ohereatly inte-

(U7 Siner £, was graccated by a moving ssaree, grated waveforms k). ME—t) in Eg. (8)
the effects of Doppler will be greant, even on o Tr.un!lcsr.-n-inal-ﬂg%
nominal “zeve Doppler™ trark. A convendent of two uninlrgrated imput waveforms, &l
approsch 1o undendanding Use effects of Duppler  nUtr)im Eq E.s_.ﬂunlmﬂﬂ_—.q. .ruii
i to condder it ws prudocing either o tine com- :Aalqlﬁriluﬂﬂnmﬂ.nglﬂﬂwnn
iﬂi&-f%i-&- gi.—.‘rﬁﬁugﬁn%
T, be the dutstion of » uﬂnanl&l.-u“h.s ot aero  #ik) mensred previnusly.
Doppler aml let T, bre the ton of the same -
sezment a< received from the soarve apgroaching »Sﬂrﬁaﬂnﬂhﬁﬂqﬂjﬁ
the hydrophone at @ velocity c. Then ) o Sepirmber
. Ny il-rn;p&.l&i.ro
Fa=(1—raT, s5) S andd MG experiments is that o *(7) isinseonitive
“ul;’.ﬂsﬁ%?-mf’oﬁu
where ¢ i< the average spred of sound in the same cam be dese to wnity for s medinm exhibiting
et 2« r. IF the sonxer is spproaching the receiver qtnri.ﬂml&urhrﬂiﬂuﬂila
at 10 knotx, Ty i reduced by 0.3 percend. mixation induded in the definition of a°()-

E.ﬂ-rngw.i.rniﬂ.-p E.aa%ii
10 knot<, T, will be incresied by 834 percend. ments have shown thet ssch chasges do not extst
Although the pereent varistion may sppesr (o be in the ocesn ecowstic medinm.
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~EQNFPENTTEEY

Yres = experimrnt wus estinated 1o e in exres of 10 db,
ba quunlitalive mosamement ~ach o the-v in the
M3 sad M6 rxperinests was avnilable, Bevume

. Jﬂ’ﬂﬂnﬂ'ﬂuﬂ 2o rokereal intestation wus waed, the correlation

- cocficients 5,%() ore purticedordy <emditive 10

.. ouive. Although previouc mea-mements in the

- e Straits have muficated that 14 extent of sarfare

a Sar modulstion is insufficione br it-elf to scrvunt fer

J o W the oharved rewlts, sarfore modulation would

z lris-vn%.&-?gurlauﬂu

L cirnt<. Both of these efferts are indegendent of

R DR Spatial displscentent. and they vary in extent on a

dar-by-duy bu<iz, which i in szrvement with the
deta obtained.

o [ 1. 1) ®
serea vt di-placrerat. (Figen: mackoedied § { L]} Altboagh the rxpetiment- described in this
grﬂﬂnﬁﬁnﬁi&?ﬂl&ﬂtﬂﬁa&h&u—

lewt stable. Sanilarly. the refative padition- of the  ~tabiity of the meding, the lescog learned is
3~ and 10-knot nms change from ooe day to the importan). That kesson <how< the impoctaree of
other. subtantizl roberect interration in the messare
) 16 gives the = of the s “_Hs e—.-ﬂ!m:ﬂ ﬁs—”ﬂ.ﬁ“ _.”M.—._@.a..-... of ...“nr..“
depicted in Fige. 15a. 15b, und 15-. Axin the ane- <tubeity mes-unenent Az 2 realt of the Septem-
&HEE#.?&-&T.TI%?&E% hee 1973 Qhﬂn-mg-.. a .n....!k_ mersurement
-ﬂisfjﬂi.gnﬂ.m.ﬂ—vq.-,u techuique emplasing b t intecration was
rorciatiun coeflicionts ane ~maller for lox sonree developed. and this yielded a Ed "
speerts than for higher wurce :peeds  Neither .l.zml-mh_u.hnrmnw.
resull sprees with comnion e,

° 3 - L= ™ x3 = ] Tam tunc)

(U In Fig. 17 the averuge comelation cosfficients ™ TOHEREXT CROs5 CORRELATION WITH COREREST
of Fig. 16 ane plotted o~ s function of (ime o2 -place- INTEGRATION

menl @rtesd of spatis) disphsesment. The clow (U) Aftes the prefiminare spaticl Aability -
szreemient betwren the curves for Silferent e arcmsents in September 1957, tef a
spredy is apparcat. Thi< dicates that the cor meacuenent teckni - s ___nlu. iten
..a.r.r_n rour {Brirna #°() are dependent on Emnn S S ?_.._.nﬁ.!-ng_.m.ﬂ- ~or conerent
- ...-.__ne-:nlni—-_ enl es ong- mleration we: beod on twe comderarions
e Abo. the time stabifity i dre- Fira. the “eptruher 1573 experinents shoned that
tically reduced from che values obtained in the noise and -urfore modalation prectaded mea-ure-

esteneive Exrd-ite experiment< (M5 and M), ment of the <patial tabibiic when no coberent
abere rorrclation coeficients of 0.9 sete oblained in = ity
ta

over loeser malerval (72 and 64 -er-).

] (]
the vurve weotion. Thix tdy <bowed that raris-  2mplays coberent cmss corr-lation with coberent,
tian= af the oarve sboul it intended finesr track  itegration, i~ described belon.
wre in-ionificent.
() The mo-1 proboble eoucs of the snomatics mtezration a~ well &5 to acrommodate Doppler
in the duta sre ooie and wiface modulation effects, funt Fousier trenform techniques (FrT)
Although the ~dgpnl-t.o-poie rutio duting each  were suploved. Theve feshnigees provided tnuw




COXFIDES TS

. omstrmint~ oo the mesarement prores, Fint, the (U) An input vector of 2048 comples samplea
. rebrrent inlesrstion time wes Emited to sbout 30 Z(E, ;) contsins spprosimately 22 seqgoence peri-
ser beruare of the semery Emitatiswns of the ods of the tromamivion ot sre Doppler. Sperii-

procesing equiptnent. Seromd, the tramsmision  ealiy, the 2048 comples omrespand to a

= formut uis seleeted o kave un integer mauber of  29.257143-2c time inferval, wherens 22 sequence

{ seyence pesiods conlsimed in the tramferm  pevicds orrwpy 29219474 wr. 2 & percemt

. interral. o that a thew alipmeent of the gmel  difference. Consequently, the <prctinl Gnes of a
aml Frr -pectral Bnes would be obtsined. Oure  20tS-complex-point ryr will very nearly shgn

the-e (un catrdreints were satishied. the sppliica-  with the vignal spectral Enes. The wetosd offset

tion of F¥T teckmiques allowrd ~trsightforward betweem the th dpeel Ene froms the cervier snd

| mex-aurcasrnt of both the spatisl stability end the  the correspensfing tranform Ene, &yx(7) &s given

__ W‘-%iﬁ? n‘

ied 3 1 2 -
"—-d-.—.r.. .-ln.a.laawn For the experiment was u iimll.l ﬁv- o

m{f)= M.. 1 (3} vos 2o fufH{l—e()] <im 20 0]

, first comsider #ts operation with

: . : g o will
i< the uuit dep funrtion This tmnsnisdon bes i—l.il— Jrnr..l -ru..nl-mnl.

! the samer power sprelrum o an ampilede 2 -
_ " teud - mﬂlfﬂ-lﬂgd&.!a.i

The trenaaiedon bes u !.-B.ﬂarn!.mll_-r (O) Let 1Z(E, H—1008Si<1023) be the da-
of 16.657 hz. determined by the digit duration, T.  orete Fowier trendorm of the input wvector

| _ 12k, Mi=0 . - . 2047) with tho § index on
* ] (U) After initial analog bundpes: Bteving to n 1000 Mg -0 L ST P e the

50-hx band sbeat 350 ks, the rrecived % ;
T SUSARSSOIT grtemimoniTes
! T T e vy every Tond spectal Fine of 21k, ] os fullows:

im the mawner defined in Egs. (26) and (37), ) .
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~~CONPIDENTI -

soereiation cuel”™ © . %100, betwreen the sigmal
waveform s the £1h inarefosm istervwl with that
of the b —inh tranform mvevel. Lot otk 0).
=0 _ . . 12, br the myvere diarete Fowmr
tan-form of the Eth -kmal <pevinem St o). The
pocmafion] rivw rostelation fooction olf, 5} be-
twern ath. o) and st - 1. 7) s defioed by

35 ak, ivak—t, i+ )

sk, == - -2 = -
‘f'g; «k, iwz b1,

where the (-4 )) index is taken awfofe 128 <o that
sk} i the result of a circuler corvelation. Be-
e e trere<form lenmth B nol ko exect multiple
of the repurnce pertodd, pl{k0) &aes pot give the
rarmelativn  rormepuedine o roct  afenment
brtwren the two waveforms Comsequently. e
maxinicniion proces- ne-3 be performed Yo deter-
mine the cormedxtion cortheienl. pp°(8). which
rrprerrt~ the emedinn <patial ~abiffey:

2

st =nmx ok : 05i<HY 73

The corlficient p. "k ha- the ~aore ambipvity
temx of pare (Eoe ~hifi- that the p,*1s) caeflicient=
had in the preliminasy experpeents. A< befoge.
rthi< ambieruity 3 known to be ie-2ailicant, on the
b of uther experinental data.

{15 To propesiy mterpret 1he rortelation corlh-
cient. p°(E). n quantitalive keowledwe of the
sienal-to-note mtio of keth e SUE &) and
Stk—1. 2} vertors b needed. The ~ipnal power
SPIE) con be compuied Brecely frora the signel
spectrum St

b
SPky - 25 Sk it @)
[l
To detenuine the noi-e power. the power n &

tran-form ~peviral Bue in betwreen the signsl Boes
i cabenbated.

xm-:—-—i_u ZE DA @)

If it i a~cumed thae the noie b white (ot feast
refative to (ke <fpnal e <pacing of 0.752690 hab,
NPE) mives 2 mew-rire of the note content of
ME sp. Convequemily. the -Emslto-noée  ratin
SXR.ofs of Six, «t i~ ~iuply the mtio of SP(H)
to NPté

. SPb)
SXR..tb NPh (75)
Ter inpul ~Enslio-voir ratic SXE.(H i 22
times (134 db) wore (han SNR_.¢E).

SNRoth) <35 SNB by an

Thas, bath the inpat and ontput ~=mal so-nofe
ratia: can be quentitativedy mwewsured i exch
tran-form: intervel
£_ fiperatqon with Nemzro Deppler
() Memarensrmtl of the commclation coelBrcient
p="(k) und thr put el outpar ~igpal-to-twar
natios is not ~gmifrentlc moce difrult wher the
Doppler i< ponzrew. Let £, be the Doppler—kifted
enrrier frequeney
S

K= 1—t¢ (&)
If the differrtee betwren £," sod 1he secciver center
frevpuency. o, is ~cll then the cffect of Doppler
an the recrived -zl i ppproximately o frequeney
tru-ketion. Sech 9 fregiency tep-biion act= o
a el aff-et betxren the oro-Topplr orstios.
of ihe ~iznal ~pectrel Bnes snd tbe artme] secrived
~per tral Bnes.
(1) Considder the sitnation where 1" apd £,., Fffcr
by afhz

A=l —fee @S»

Thea H the effrct- of Duppler ane contidend =< »
fregieenex trun It the el <pectram will be
di-placed by + trun-focma spectral Bnes.

__Af _
"= amiid 0}

In general. 1he diplacearst 7 will not be an
mteper. The materer of1. 7% 1o ke dewd

tran-form spectral Ene caz be fourdd from
=" 0s] 8i1)

where the ~quere bouekets fo] inhicate the greate-t
intezer part of ». In ~uheypraent discassion, 7* s
called the vemiec freguency mubex.

(C) Given the vernies frequency index, #*, Eq.
(71} for the ~2mal ~proirum can be modified to
meneporate the effects of Doppler.

e

AONFIDBN T~
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Figre I8 Vel ok fur o
Joreay NG expecinornt. (Fgmte
ks ified )

Sk, =2k, 244%) (82)
Simgikerls . Exg. 475) Jor the noie power bevoses

Xk Muﬁi.m. MEH (53)

With the— 1w meonfification~ of ¢ the zrro-Doppler
epation-.  the desivation of (e correlstion
corlficient 2.8 and the -malHo-noie ratios

reaain 1 r.—n. the presence of Dappler.

-.—.-....-ﬁnﬂd t pemaining problem i< the deter-
Esivatbenny o the o -.ngq:...-ﬂn.!.- index, #*, -u«.
-l..ul.u_ urrnetit ~v-tem. (e approach i< t

~eutvh 1 _iglgigﬁm ,:..l.nru
F-JI .....-.u_maqagrn the curier ot
A ol cabalate A and r~. Unfortmmstely,

....ri mm._ﬂa-ﬁ.. En—.-mlrl.m-idlg-_mh .

redure the warrier bexvel befow that of the adjacent
~ifelmamd- ol the < -tem will obtoia en incorrect
vfue for v %

I To avedd this problem, the mesurement
~a-tecen shetermined ¢* oo the bai- of broadband
~znabiv-nvie ratin. Speeificath. the following
quantity i~ rubralated

M ZUE, 20y
SXRuik = ™ - e—— . (38)
M Lk, 2 eI

for —10<r<I). The espresion SXE. .tk r)
n....:..v 51} ¥ ~imply the oatpat signal-te-
no-e halis .- r wete the rorect vernier fneguency
index. The range of r is construined 1o be within
E:ﬁsn_._mul&g!aa.qg_rrﬂnaﬁ
umately 2 64knot Doppler uncertainity), o=
SXR.atf. o) will be pesiodie beeane of the regmlar
~pacimg of the <igmel spectral Boes In sctosl
Derurcments, the rereiver freqoeoey, foo B

sdjusted to be within sbout 0.1 kz of £’ so this
con=traint in r is not » problens.

(U) To determine the valee af r*, the procecor
selected the value of r that xichded the hirhest
value of SNR..(F ). Berune SXRUE 9 &
based on the browdbard ~jpnal -pectnum end pot
on any sinsle spectral Bne, the rre-ulting frequency
offiet, r°, ic not diiaxbed by selective fading.
Given r*, the caleulathm of p,*(4) and the signal-
to-notse ratios i ey sevompli-hed. Indeed, the
mexurement =x<lem performed all necesury
culeulations in peul thor, produring new values of
(k) and SXR...(F) every 29257143 sec.

3. Erperimental Reynla
{U) Duting &_Ens-u. 1974, thr HX9 aroustic

[
track relative 1o the kxdrophone = <hown in
Frg. .?ig?gﬂgi
Erﬂgigﬁma r.novn-du
integratioz technique deseribwd shove. The ranges
of 1he experiment vurird from 0 1400 ami, xwith
most of the experiment being condurted at ranges
betwren 300 und 400 ami Durine the experiment,
the vessel speed was maintained at spproximately
& knots.

(1) The dizital procesor wes in nearly rontinooes
operniion duting the 12 days of the experiment,
yiclding correlation cocficients ."(k} and stgnal-
to-poise ratins every 29257143 ser. These and
other recufic were reconded on digital magrnetic

tape and simnlisneondy plotted en & muliipoint
recorder. Frgure (9 deps. t< so acnolated typical
mektipoint plot from the processor. As in the M5
ensd M6 experiments, this plot wes an importany
sl in mainteining guality control doring the
experiment.
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(U) Data frors the January 1974 experiment exn
be dizidedd into thive et The fng set, enlfled the
bt Ko™ r....-u.r.l datz in which the <ouree
wa~ poine front 9 to 100 nmi. The sevond set,
eullrd v rq.l-.-n._::ﬂ_.nﬂnﬂ E....-I.-—.l..r in which
thr ~outrr wa~ yoing from 100 pmi to 30 ped.
waaiﬂ._lgamﬂqg.?.:ﬂurnﬂ
W ~ri~ epIrral mes-Tments over a wide
vuricty of -u;zlﬁnﬂum-!ﬂfﬂrnrﬂ&i
which i zhe Eaxgee~t, incliudes the datn teken s

Rt heduoeen 00 amed SO0 nmid aned < nl.un-.l-e
l..r_m..rnﬂ-ﬁ-ﬁ_. sfata. No corsrrtion for cheoges

() Figane 2z depicrt~ » hixtogrem of the received
ABNPHENTIAL,

qucuu.ruql [ n

Fignoe 20h. Hidegran of »%l): podicoe-raege dotn
(Fignar aminmificd 3

Fewpuarey
e -3

——— ———— - ——— .‘m’-

Figme 2fc. Hitagrmm of 5,%2): baprage &tz (Figare
unekeivilied )

rignal-te-noie ratio in deribels for the short-range
data. The mesn <gnal-to-onie ratio i 9.5 db,
with a standen] deviation of 4.3 db. Figure 20b
g-ﬂiiruﬁg!?n the medinm-

?unu.r-...wi-rnulﬁ-l.ﬂﬂ...r-:rn!
sigaak-lo-oise ratio i —09 db, with a stendard

deviation of 6.2 db. Fipute 20¢ depicts a kistomnam
for the long-ranpe data with = mwsn of —3.0 db
amd m E.—uqli.hh. db. The seduced

ﬂ-ﬁgg of the keang-ranee date in Levnes
of trun-mision conditions.

(U) Spatial stabifity wes evalusted by mean< of

k) |




)

— i _' -] co 2 L] K a e

Funey 22 Witugrson of o8} vobas Sor ful Popnbey ufiﬂrzranuﬁ:m& .E..&i.._._f..kq ol

oeaslitioge-. " Figuee uackywidird )

hiozram= of p.*tk), much o in the M5 end M6  Doppler truck. The mean enrrrfation coeffrient
evpericnt~ Beewee noi-e can roluce the vefues  for the 2ero Doppler dete i 8925, with o <tazdand
of ik, meking the pws-uressent incotzoet, a  deviation of 0.055: for 2 vnggi 1he
thredold was placed on the outpal sigpa-o-ooke  mesn and ~tandend deviatioes ure 0913 cmd 0053,
ratios of loth StE, « and Sik—1, ). Thi threh- i:q_u. Thees, the Jeraacy 1972 date Jo por
obl reyuinad that the -znalio-noi-c ratisson both  incrate H&a—lﬁ&?ﬂn&.f!— stability oo
SUE, o) moud SUE—1, 7)) be greater than $10db i the direction of dEphecement, nt boast —.ﬁqrﬁﬂ
o:"th} wa~ to be included in the data. When this  renges.
respuirernent - applied, pprodmately 100 pereent

—— perren wedium- (U The results of the Jonuary 1973 -patial
of iy st date, 58 t of the stabifity experiment are -AE.-F.E—. sumilur fo

runge duta, and 16 peroent of the lonz-rapve dsta
paret or evrced the threshold thosr obtained in the M3 and M6 experimnts.

Figures 234 and 23b compare the oversll {<boct
() Fizure 21a depirt~ the hixtogram of correls-  medinm. and long ranse) bistogram of rorrelation
tion corflicirnts 5. "tf) for the <hort-rmope date.  coefficients abtained in the Jonuary 1974 experi-
The mran cormelation roeffrient & 0855, with a meant with a txpical one-day hicogmm froo the
~tandand deviation of 01385 In Fiz< 20b and 21e, \Jg(* experiment.  Altbhoush the meosaneanen
the corme~ponding hivomnam- for the mediun-and  interval nas shocter in the Jaouary experiment
ez fanee data we lown. The nwan corelstion  yhan in the MEL" experizcnt (29 sor verses G set ),
rocflicient for (] e mediem data i~ 0913, with 8 (he <imiarities in the hiztoprams sre amaxime,
~tandend deviation of 0.112. The meen cosrebstion vonsidering the diffrrences in “oration and rence
Tos the ?Iﬂ..-.l-ﬂg- lala ix 0916 with a tendand betwern the two -.ﬂ—xn.msw'
devistmn of @051 The divht incten-e in mean
rorrelation valoe for the long-range duta is not VL FUTURE ATPLICATIONS AND
recridered to be stmifcant. CONCLUSIONS

nﬂ_ﬁ!gc—.u_mﬂnmn_ <tabifity en the
relative slireetion of the ~patisl displzcrawnt i of ()
tntenet. The prevuilime conjecture & that the (27 The cffectivencs: of coberent. matekal-Blter
talibty will be b on s full Doppler track than  terdiniques wax demonstratnd in fond-ite espen-
o0 a arm Doppler trark. Figare 2% depacts 8 ments in the Sereits ..-.M-E:-P,—.r.._imnsnlai.
p="th histommm for the long-runee data on 2 coberent inlegrativa over time intesvols of the
full Doppler track; Fie 22b cone-ponds to s 200 erder of une minate yiclded sati-factory opetation

A. COXCLY-EONS
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Figrtw 20 Compuricon of everebrtion coeilcicnr hivdos
gt wreralll ptky Bictopram fees Jommre 1974
waprximwrnt. ¢ Figae wackeaded )

sl mpot ~ktnal-te-oeie mios below § dl. By
rrteloedd Blteviene of 1he revvived ~dgnal, the effects
of ebertive fadine end inteesymbol intesference
ot ta mraltipsth were redeced. Mrsive amoants
of data tover 1000 hoars) an sodem performanes
aubd spznifrvnce to the resals obtaiwed.

Q"\,«‘;’ To apply exfierent. matrhed-flter tevkniques
to the wbmarine rommunication problem. an
nudesamding of the medim™s ~patial. g5 well »s
temporal. bty & requinsd. A ten-dax experi-
ownt in 1be Atlantic briwcen Fleathern and
Bermunla with 2 towed source and a fixed hydim-
phoor wa- comlurtol to mesare spatial abifity.
The reahi~ from thi~ experinaent ixBoated the
perenre of sfficient ~patial ~tobiBitx ever ter-
vah of 2t kot 30 see st six knot<. at rupses from
0 vo 400 o

(_"\}I-‘)’Thu- rombinution of fised—ite commanication
sasiem reealts and the atial <tability mewsare-
owals efahfisbes (he fes-ibility of eoberent,
mairbed-Eher tevhniques for subxnarine communi-
watiens. Advuptame: to be guined fom thewe
tevbmiqur  mekisle nefisble operution ut low
szmal-to-ooie ratios and ander varying propags-
tion comditing-. Further, randomized transasi+don
formats run be employed to reduce the detectabil-
ity of the communication signsl. Becune the
techmolory  required to implement  cokerent,
malchodk-fter techniques i readily  available,
thrir application to ~ubmarine rommanitions
shoghl be initiated.

AONPIEXTIY

a9 2 - & N AD

Figare I3 Croposiion of covbnie ooficens ko
sromws. coe~-dyy i) Ristogrims ooy MSC cxprvinnom
{Figare uackosified )

1. Selxid-ary Conclvarons

(U) The experinwrntal peogram yickied <everal
secondnryx resules that ~hockl be considered in
subsequent submarine commupication -y-tem
deign.

L‘Mﬁhﬂ. the ascocstie medium exkibits -ipmifi-

cant varianee i input signel-to-noése mtie SX R,
even under fixed-site condition+. Mondard devin-
tica= of SN R, of the ander of 5 db cxn gencrafly
be expected. These wariation: rquine that any
refiable commumiration <ystem be able lo operate
surerfully over a wide ruppr of input signel-to-
poive ratios. Coberent, muatched-flier ~ystems
satidy this requitfement more rloely then the
neoherent systems emrently m ae,

Qj}ﬂﬁeﬂnﬂ. impoldve poke mast be accounted

for in sny system in which bw (PE <0.001) bt
error probsbiffties sre required. The presence of
infrequent, high-energy mote pobes con Emit
the exror probabihity to s fwd level, independent
of the aversgr input sigmal-to-noie ratin Soft
Eimiting of the receiver input in cmjunction with
arw-conreciing codes can be wed to overcome
this Emitstion.

C\h . SUGGESTED APFLICATION

§2f The M5 und M6 commupicstion systems
were designed sperifienlly for the evalustion of
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Tk 5 Erpectd proformance jor the M7 syprivn:
K,: ?.:M'..FT Is mowe, W funr hr (Todle
ciznsifienl Fermprirmtvel=y-

.3 lt'b Race Mrcionem
. Erafoec Operettog el
om_ o
o 2 1.9 -4 <am
b= S 2.5 -7 ]
42 10 *.25 1 )
1M a .1 -1% 00
roherent. matched-@ter techniques. C wenth,

their <trectures btk meny features required of »
prectics! ~aborine communiestion sotews. For
example, (he tm-pmieton in the M5 snd M6
Svfeme b coutinoons. el ~epebrosiotis is
perforowd by the operstor. Neither of thew
chuansrteristies = aeveptable in practice. The puar-
poce of this ~crtion i (o ~ugpe-t one tealization of
a cobrnent. matcked-fifer fommuntcntews sx~fem
that i ~witable for uperstivasl we. Unly the
~tructare of the trunsorheion amnd the expeeted
peslormunee chanecteritie: are miven bere. The
detaik of the reeviver proce~ing end implemente-
tion will be uvaitable i the fetare.

() 49 Abach zood peefocmance st ko -ignat-to-

() ey

Bode mtios snd uoader varvinge malGpath condi-
tiozs b peeesary for sny <abmstioe romsunico-
tion sa~tem. other operatioually impoctant re
quircawats nst abo be roncidend. Two ~ach
fequirement~ are that the traomicion be of
linzieed slanation and that it be detection nei-taal.
The firq mrquitencent  prechde. blenkive of

Pecive —oner sysdem=< on the tran-milting plat- {,

form, while the ~econd refleet~ the nerd to prevent
detertior or neslization of 1b- tran-moit titre
plutfurea.

The M7 x~tem, dessribed belon, ks been
detznel o povide w0 appination of robesree,
makched-fliter techuinues that ~atifv she reqrie.
menis previoady tated. Speeibollv. the M7
~Astetm ofifiors o by tvpe of tnenemiedon © it o
ramloered foroat. The stnwtare of the trans
miidon i ] vntineds on an wrhitan nondem
Finary ~cqpornce that run be changed we = oy
beid~ M deimed. The ealyv rondrzint o this
stypeore k5 that it mest be koan to both the

o

tmiramitter and reveiver snd havre the same-tatis-
tiral propertics a~ niber randem ~ernrmres,

r— (,”% In the M7 <x-em. the probe und infermation

comprarnt- sie pha-e penltiphred E-semd of tipe
smaktiphexed as i the M3 wd MS csteme. Lt
w(t} b Borx -prane oiboit off dumnting T amd B o b
the enarier frequener, then the M7 *remomiogon
is given by

m{fn- r?: arl()alt~iT) cos 2 f)
+nle)a(t—3T)sim 2c 41  (53)

The Grd tevm in the <um i< ther probe roepoeent
wod the sevond - the nformuetion cumypoment. The
rocfloriemes gyt galetef 88 anr derived from o
remdons binery ~equenser gi7) ol the informmtiog
copooenlt s iwBes ind befow.

Let girde] 4 1] be o nendeo bizary ST
of bnzth 2K The roeffcients for she probe
rOMPOLent gi") whe il the )% of even index,

(88}

Az that K, information b= ¢: oee to be
tren-milted. Farther, svume (et K, s 2 factor
of K; so 1kat K=K, K, for ~ave intezer k.
Then the corlficient: for the informetivn com-
potirtil are siven by

oylo)==qi2}; i=0 ... K—1

hi*}=‘iﬂ;'K-E”‘]'\5-+!."-’ =0... K~ S5

where fr indiceies the mieas part of £ Thue..,
i 3 B forraed by the modulnion of ¢fi) for odd
i< b the indermmtion velues i proups of A,
it

%Mhhm&iﬂ*ﬁi)ﬂmmm
sierived from ¢ randoms srquenes, 580, the thoms-
mis-isn oty ran be experted tw b free from
perimliritie~ or surong spectrul compopenys. F
the impat ~imakto-geie @tio of an mtercrpt
neevier i beluw 0 db, the detertubility of the M7
trumrmision witl be very low. If ths irput <=nal-
1n-nosse ratio of the nterrept terviver i sboce ©
db, eeav ntiotal power pes-ur-men® tecknigoees
ste appliceble. Conaguently, the M7 techoique
{ox ouy ot her} run be rop-idered deser tion rep-tunt
coh if 2hv itererpt reeeiver i denied nn adegmate
signal-to-noi= rato, that i, be bexud o cestain
revge.
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T...d&n\“—. o provide an fe-tration of the performance (U) The avitunce of Codr. D. EKvebler and

o be expeeted of the M7 sxstem, w <perific  compeay of the US. Navel Facility, Elruthera

_535.. vaansphe i given: Assame that the sytem Efuﬂg.waaﬂuﬂg-umﬁn&&
bandwidth i~ 300 bz aod thar the tramauiion eeknowiedped.

durstion i< bBmited 1o 40 <o, 521 w20 be » 10-
Spectal spprecin Chester
fiear SampMSt PELoc Tint the peeicem of e S e G 10 D (e My

N Bl the ~x5tem bupdwiskth. Then, K. eguake & "
E.—.vfunﬁ?:ﬂ x-tem perisvmmnnce for Forkenza for their contributive- to (bt resenrch

uﬂaﬂ_gﬂr?% marked “mini- P
mum operstize SNE” gives the input sgasbto- REFEREXCES
Doke rati expreted 1o ikl a2 bt probobifty ) L V. Kimball, “Intermbel Interference in
of etror of 0001 ._.rv.:ﬂu_.rn...ﬁ& ratio i Bemary Communication Sy-tems,” Tech. Rpe
obtained by takingy the (hroreticul sienelio- 185, Cooler Electronics Laboratory, Univenity
nubs ratin required to obtein ~ach performence of Michigan, Amn Arbor, Mick., Augest 1968,
el then sdiding 2 £6 db differvotial to acronnt 5 o mw.r.__. “A MDMl Commznication
for nonideafities. Note the low siwnalto-noie Experiment,” Tech. Rpt. 197, Coolex Elee-
ratio< for which the 0000 error probabifty & o) sborutory, Cniversits of Michipea,
experted. Apn Arhor, anr...mﬂ-q-ﬂ..u {Confidentisl-
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